Abstract The present study focuses on the evaluation of the effect of engine parameters on the characteristics of a GDI engine by CFD analysis. The analysis was carried out at three engine speeds (2000, 3000, and 4000 rev/min), at three compression ratios (10, 11, and 12) and at three fuel injection pressures (200, 300, and 400 bar). The overall equivalence ratio of the in-cylinder mixture was maintained at 0.75 in all the above cases. Finally, it is observed that, the turbulent kinetic energy and tumble ratio were more sensitive to the engine speed than to other parameters. The fuel injection pressure was found to play a vital role in obtaining combustible mixture near the spark plug at the time of spark. In addition, a low heat release rate occurred at the engine speed of 4000 rev/min compression ratio of 10 and fuel injection pressure of 200 bar. 
Introduction
Today, carburetors are replaced by electronic fuel injection systems in spark ignition engines, where mixture strength can be controlled easily, in order to control emissions [1, 2] . However, fuel economy and emissions with these systems may not improve significantly. Therefore, today GDI technology is becoming very popular [3] . In GDI engines, fuel injection happens directly into the engine cylinder very precisely, which in turn helps improve both performance and emission characteristics [4] . The major advantage is that it can be operated with a lean stratified mode over a wide range of operating conditions, thus reducing the fuel consumption. There are many factors that affect the performance and emission characteristics of GDI engines [5] .
Suresh Kumar et al. [6] studied the effect of piston crown shape on in-cylinder flow characteristics of a two-valve GDI engine by using CFD analysis. They concluded that the piston with a bowl preserved the tumble motion inside the engine cylinder for a longer time than the flat piston, and thus reduced cycle-by-cycle variations. Oh and Bae [7] investigated the effect of fuel injection timing on spray and combustion characteristics in a spray-guided direct injection SI (DISI) engine under a lean stratified operation. They analyzed combustion and fuel spray characteristics using PLIF technique. They found that non-luminous and luminous flames were dominant with advanced and retarded fuel injection timings respectively. Also, NOx emissions decreased and IMEP increased with retarded injection timing. Baecker et al. [8] performed investigations on a spray-guided GDI engine operated at a stratified mode with single and double fuel injection strategies. Experimental and numerical investigations were carried out using a combustion chamber endoscopy and CFD analysis respectively to evaluate emission and performance characteristics of the engine. They found that the double injection strategy offered a clear advantage in terms of fuel consumption especially at higher loads. Also, their predicted fuel spray penetration and evaporation rate matched well with the experimental data. Stan et al. [9] simulated mixture formation and combustion processes of a four-stroke four-valve single-cylinder GDI engine at various engine speeds and loads, in order to optimize injector opening pressure and duration, and injection system configuration. Also, they analyzed non-homogeneity of mixture and the influence of additional spark on the combustion. They found that the existing simulation codes were not adequate enough to analyze hydrodynamic processes of fuel injection systems, internal mixture formation and combustion. However, they found that the simulation could give more insight into the problem than the experiments. Lee and Park [10] studied the internal structure of a liquid jet from a multi-hole GDI injector using PDPA system. Also, they studied fuel spray breakup process under the injection pressure of about 30 MPa, in order to analyze atomization process. They reported that the SMD of fuel droplets decreased linearly, when the fuel injection pressure was increased from 5 to 10 MPa and from 10 to 20 MPa. However, at the fuel injection pressure beyond 20 MPa, there were no significant changes in the SMD of droplets. Sementa et al. [11] studied spray and combustion evolution with gasoline and ethanol as fuels, in a high performance GDI engine using UV-visible digital imaging. They found that the gasoline spray was more sensitive to air motion and in-cylinder pressure than those of ethanol, for all the conditions considered. Zheng et al. [12] used the AVL-FIRE in order to study mixture preparation and combustion in a wall guided GDI engine using four piston shapes. They concluded that, a flat-top piston with a pit was beneficial to maintain in-cylinder turbulence intensity and promote fuel evaporation. Costa et al. [13] analyzed mixture formation and combustion process in a lean burn GDI engine using experimental (UV-visible digital imaging) and numerical (AVL-FIRE) techniques. They concluded that piston head geometry played an important role in the mixture formation in the wall guided GDI engines.
From the above discussion, it is observed that many researchers have focused on various aspects of GDI engines. However, a comprehensive understanding of the effect of engine parameters on the performance and emission characteristics of a GDI engine has not been dealt with. Therefore, the aim of this paper is to evaluate the effect of various engine parameters on the performance and emission characteristics of a GDI engine. This analysis will be helpful to optimize the GDI engine parameters for efficient operation.
Geometrical details
In this study, a single-cylinder four-stroke two-valve engine with a bowl in the piston is considered for the analysis. The detail engine specifications are given in Table 1 . The engine geometry is modeled using PTC CREO 3.0 package.
The CFD analysis
In this study, the CFD analysis is carried out using CON-VERGE, a commercial CFD package. The CONVERGE uses a fully automatic structured grid generation technique for meshing a geometry during run time [14] . The grid independence study is carried out for the engine under consideration, as per Krishna et al. [15] . The flow turbulence is analyzed using the renormalized group (RNG) k-e model [16, 17] . The finite volume-based implicit discretization procedure is used to solve the discretized Navier-Stokes' equations on a Cartesian grid. The in-cylinder flow is modeled by solving mass, momentum and energy conservation equations along with the equations for species, turbulent kinetic energy (TKE) and turbulent dissipation rate at each cell and at each time step. The ''pressure implicit for splitting of operator" (PISO) algorithm is used to solve the pressure-velocity coupling. The spray analysis is carried out using kh-rt spray model [18] . The engine combustion is modeled using SAGE detailed chemistry solver proposed by Senecal et al. [19] . The base grid size used in this study is 4 mm. In the cylinder and valve regions, the grid is embedded permanently to a level of 2 which changes the grid in these regions to 1 mm. Further, the grid is refined in the regions of fuel spray and around the spark discharge point during the corresponding events to a size that changes between 0.125 and 0.25 mm. The adaptive mesh refinement is also used to capture the gradients of velocity, temperature and chemical species. The cylinder, intake and exhaust flow regions are initialized with atmospheric conditions.
Validation of CFD models

Spray model
In this study, the fuel spray atomization is analyzed using the kh-rt model [18] . Li et al. [20] captured images of the fuel spray pattern in a constant-volume chamber using a high speed CCD camera. Experimental conditions used by Li et al. [20] are given in Table 2 . In this study, the CFD analysis is carried out at the similar conditions as that of Li et al. [20] , in order to compare the predicted fuel spray penetration length with that of the experimental results of Li et al. [20] . Fig. 1 shows the comparison of fuel spray penetration lengths as predicted by kh-rt model in the present study and those of the Li et al. [20] . From Fig. 1 , it is seen that, the fuel spray penetration length is under predicted by the kh-rt model at the beginning of the fuel injection. However, as the fuel spray evolves further, the kh-rt model is able to predict the fuel spray penetration length with a minimum deviation of less than 1% at 1.8 ms. After a time period of 2 ms, the fuel spray penetration length is over predicted by about 5%. The maximum deviation in the fuel spray penetration length between the experimental and the CFD analyses is about 10%. The overall performance of kh-rt model to predict the fuel spray structure and the tip penetration is reasonably good and hence it is used, in this study, for the further CFD analysis with a confidence.
In the range of fuel pressures considered, there is no change in the kh-rt model constants. However, the fuel injection duration varies depending on the engine speed and fuel injection pressure. A summary of fuel injection duration for various cases is given in Table 3 .
Combustion and emission modelling
The turbulence and combustion models used in the present study are validated by using the experimental data of Li [21] . He conducted the experimental and numerical investigations on a four-valve single-cylinder DISI engine. The engine specifications used by him are given in Table 4 [20, 21] .
In this study, the present CFD results of variation of incylinder pressure with crank angle are compared with those of the experimental results of Li [21] during the following: (i) motoring conditions at 800 rev/min, and (ii) firing conditions at 1500 rev/min as shown in Fig. 2 . From Fig. 2 , it can be observed that, there is a good agreement among the present CFD and experimental results of Li [21] , with a maximum deviation of about 2%. In addition, the variation of TR with crank angle from the present study is compared with that of Li et al. [20] as shown in Fig. 3 . From Fig. 3 , it is also seen that, the predicted TR from the present study is in reasonably good agreement with that of Li et al. [20] , with a maximum deviation of about 3%.
Results and discussion
In this study, the CFD analysis is carried out on a four-stroke two-valve air-cooled GDI engine, in order to understand the effect of various engine parameters on the performance and emission characteristics of the engine. Fig. 4 shows the cases considered in the present study. The input parameters are the engine speed, compression ratio and fuel injection pressure, Table 2 Experimental conditions used for constant-volume chamber test [20] . Present study Figure 1 Comparison of spray penetration length in the constant-volume chamber.
whereas the parameters considered for the comparison are TKE, TR, peak pressure, IMEP, NOx and HC emissions. In all the following figures presented, 360 CAD refers to the suction TDC and 720 CAD refers to the combustion TDC.
For all the cases considered, the equivalence ratio is maintained at 0.75. The spark timing is kept at 20 CAD before TDC. The SOI is maintained at 90 CAD before TDC. The end of fuel injection is based on the equivalence ratio and fuel injection pressure, for each case.
Effect of engine parameters on the TKE
5.1.1. Effect of fuel injection pressure on the TKE Fig. 5 shows the variation of TKE with crank angle for the three fuel injection pressures of 200, 300 and 400 bar. From  Fig. 5 , in all the cases, it is observed that, the TKE varies with crank angle after the fuel injection event. This is because of the transfer of momentum from the injected fuel to the surrounding air. From Fig. 5 , it is also observed that, the rise in TKE is maximum when the fuel injection pressure is 400 bar. At higher fuel injection pressures, the shear deformation of air molecules at the periphery of fuel jet is higher which results in higher fluctuating components of velocity at this region. Therefore, the TKE increases at higher fuel injection pressures. Also, the peak TKE after the fuel injection is about 21 and 40.2% higher with the fuel injection pressures of 300 and 400 bar, compared to that of the 200 bar. Fig. 6 shows the variation of TKE with crank angle for three CRs of 10, 11 and 12. From Fig. 6 , it is observed that, the peak TKE is higher at lower CR. However, the TKE at the time of spark is more important than the peak TKE, as it decides the flame propagation rate. From Fig. 6 , it is also seen that, at the time of spark (at 700 CAD), the TKE is higher for the lower CR. As the CR increases from 10 to 11 and 12, the TKEs at the time of spark decrease by about 39 and 70% respectively. This is because, at higher CRs, the compact cylinder volume along with reduced molecular space restricts air motion inside the cylinder which results in reduction in mean and fluctuating components of velocity. Also, it is found that, at all the CRs, the TKE increases because of fuel injection as shown in Fig. 6 . A similar trend is also observed by Mural Krishna et al. [22, 23] . Fig. 7 shows the variation of TKE with crank angle at three engine speeds of 2000, 3000 and 4000 rev/min. From Fig. 7 , it can be seen that, the TKE increases with engine speed. The velocity of air entering the engine cylinder during suction stroke is higher at higher engine speeds which results in the higher peak TKE. However, the flame propagation is mainly affected by the level of TKE at the time of spark. From Fig. 7 , it is also observed that, the TKE level at the time of spark (700 CAD) is lower for lower engine speeds. When the engine speed increases from 2000 to 3000 and 4000 rev/min, the TKE increases by about 111 and 338% respectively. The second peak of the TKE is observed after the fuel injection, which has a significant effect. In this case, the TKE after the fuel injection is higher for higher engine speeds and it is lower at lower engine speeds even though the fuel injection pressure is constant. This is because, at higher engine speed, the TKE is already at a higher value before the fuel injection. After the fuel injection, the TKE is further enhanced because of the momentum transfer between the fuel jet and the surrounding air. However, at the lower engine speed, the TKE before the fuel injection is low. Hence, the rise in the TKE is lower after the fuel injection when the fuel injection pressure is maintained constant.
Effect of compression ratio on the TKE
Effect of engine speed on the TKE
Effect of engine parameters on the TR
Effect of fuel injection pressure on the TR
The TR governs the mixture formation and availability of combustible air-fuel mixture near the spark plug. Hence, its value from the beginning of fuel injection till the time of spark discharge directly affects the performance and emission characteristics of the engine. In the present study, the TR is evaluated based on Eq. (1) as
where x i is the angular speed of flow in i direction and x crank shaft is the angular speed of crank shaft [16, 23] . Fig. 8 shows the variation TR of in-cylinder flow with crank angle for three fuel injection pressures viz., 200, 300 and 400 bar. The TR represents the strength of bulk fluid motion in the engine cylinder. The high pressure fuel injection certainly disturbs the bulk motion of the in-cylinder flow. However, from Fig. 8 , it is observed that, the effect of fuel injection pressure on bulk motion of air is negligible. This is because of symmetrical positioning of fuel injector holes about the axis of the injector. This makes the fuel spray to spread in either side of the fuel injector in a symmetrical manner which nullifies its effect by the opposing in-cylinder flows. Therefore, the fuel injection pressure does not have much influence on the TR. Fig. 9 shows the variation of TR with crank angle at three compression ratios viz., 10, 11 and 12. From Fig. 9 , it is found that, the TR does not vary much till 540 CAD (BDC). From  Fig. 9 , it is also observed that, the magnitude of TR after 540 CAD, reduces as the CR increases. At higher CRs, the combustion chamber volume reduces, which restricts in- Parametric analysis of a 4-stroke GDI enginecylinder fluid motion and thus TR reduces. At the beginning of the fuel injection (at 630 CAD), when the CR increases from 10 to 11 and 12, the TR decreases by about 16.7% and 50% respectively. Similarly, at the time of spark (at 700 CAD), when the CR increases from 10 to 11 and 12, the TR decreases by about 24.5% and 37.3% respectively. The trends of variations of TRs as observed, in this study, are similar to those obtained by Murali Krishna et al. [23, 22] . Fig. 10 shows the variation of TR with crank angles for three engine speeds viz., 2000, 3000 and 4000 rev/min. From Fig. 10 , it can be observed that, the TR is higher at higher engine speeds during the fuel injection phase. The rise in the TR due to increase in the engine speed is because of higher piston velocity at higher engine speeds which helps tumble motion. The TR, at the start of injection (at 630 CAD), is more by about 9 and 22% at 3000 and 4000 rev/min, respectively than that of at 2000 rev/min. However, the change in the TR is insignificant at the time of spark (at 700 CAD), because of the restriction of air motion as the piston approaches TDC.
Effect of compression ratio on TR
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Effect of engine parameters on the peak in-cylinder pressure
Effect of fuel injection pressure on the peak in-cylinder pressure
The fuel injection pressure along with TR plays an important role in the mixture formation which in turn affects the peak incylinder pressure of the engine [26] . Fig. 11 shows the variation of in-cylinder pressure with crank angles for the three fuel injection pressures viz., 200, 300 and 400 bar. From Fig. 11 , it is observed that, at the fuel injection pressures of 200 and 300 bar, the peak in-cylinder pressures are about 77 and 82 bar respectively. However, when the fuel injection pressure is about 400 bar, the combustion does not take place at all. Fig. 12 shows the variation of equivalence ratio in the combustion chamber at the time of spark, for the various fuel injection pressures. From Fig. 12 , it is seen that, at the fuel injection pressure of 400 bar, the ignitable air-fuel mixture doesn't exist at the location of the spark plug.
Thereby, there won't be any pressure rise due to combustion, and thus in-cylinder pressure curve simply follows the motoring pressure curve. Further, from Fig. 11 , it is observed that, the occurrence of the peak pressure marginally shifts toward the TDC at the fuel injection pressure of 300 bar, which is mainly because of the reduced ignition delay due to better atomization of the fuel. Also, we found that, the level of the peak pressure rises by about 5% when the fuel injection pressure increases from 200 to 300 bar. Fig. 13 shows the variation of in-cylinder pressure with crank angles for three compression ratios viz., 10, 11 and 12.
Effect of compression ratio on the peak in-cylinder pressure
From Fig. 13 , it is observed that, the peak in-cylinder pressure increases with increase in the CR. At higher CRs, the incylinder pressure at the end of compression stroke is higher which results in higher peak in-cylinder pressure after the combustion. From Fig. 13 , it is also observed that, the occurrence of the peak in-cylinder pressure shifts marginally toward the TDC, when the CR increases. This is because of better mixing of air and fuel which happens at higher CRs owing to less incylinder volume which results in lower ignition delay. It is also found that, the increase in CR from 10 to 11 and 12, results in the rise of the peak in-cylinder pressure by about 22.8 and 42% respectively. High in-cylinder peak pressure like what is observed in this case was also observed by Semin et al., [24] , in their work, with an engine of similar capacity.
Effect of engine speed on the peak in-cylinder pressure
Fig. 14 shows the variation of in-cylinder pressure with crank angles at three engine speeds viz., 2000, 3000 and 4000 rev/ min. From Fig. 14 , it is observed that, the peak in-cylinder pressure rises when the engine speed increases from 2000 to 3000 rev/min. However, when the engine speed increases to 4000 rev/min, the rise in the peak in-cylinder pressure is not observed. This is because, at 4000 rev/min, the heat transfer rate from cylinder gases to cylinder wall will be higher, which results in slow combustion [25] [26] [27] [28] . This may also be because of the wall guided fuel injection mode of operation of the engine, which is very sensitive to the operating conditions. Further, from Fig. 15 , it is seen that, at the engine speed of 4000 rev/min, the rate of heat release is lesser compared to those of the other two engine speeds. This can also be seen from the growth of flame front at various crank angles after the ignition as shown in Fig. 16 . From Fig. 16 , it is seen that, the flame propagation rate is slower at 4000 rev/min. It is also found that, the occurrence of the peak pressure advances, when the engine speed rises from 2000 to 3000 rev/min. This is because of higher TR at the engine speed of 3000 rev/min, which helps better mixing of air and fuel, thereby reducing the ignition delay. fuel injection pressures of 200 and 300 bar. However, at 400 bar, because of misfiring, the IMEP is zero. Fig. 18 shows the variation of IMEP for various CRs viz., 10, 11 and 12. As the peak in-cylinder pressure rises with CR, the IMEP also increases. From Fig. 18 , it is observed that, the IMEP increases by about 2.5% and 4%, when the CR increases from 10 to 11 and 12 respectively. Fig. 19 shows the variation of IMEP for various engine speeds viz., 2000, 3000 and 4000 rev/min. It is well known that, the IMEP is independent of engine speed. From Fig. 19 , it is found that, the IMEP remains constant when the engine speed changes from 2000 to 3000 rev/min.
Effect of compression ratio on the IMEP
Effect of engine speed on the IMEP
However, the IMEP reduces significantly, when the engine speed is 4000 rev/min, because of slow combustion as explained in Section 5.3.3. From Fig. 20 , it is observed that, the NOx formation increases steadily from the time of spark until for about 20 CAD after TDC. This is because of increase in the gas temperature beyond 1700 K during combustion. Afterward, their formation is frozen and concentration remains constant up to the EVO. This is because, the gas temperature decreases during the expansion stroke, which inhibits the NOx formation.
From Fig. 20 , it is also observed that, the NOx levels are higher at higher fuel injection pressures. This is because of higher in-cylinder temperature during combustion, at higher fuel injection pressures. However, because of misfiring, no NOx formation is observed at the fuel injection pressure of 400 bar. From Fig. 20 , it is also found that, at the fuel injection pressure of 200 bar, the NOx emissions at the EVO, are about 3292 PPM, whereas for 300 bar, they are about 3700 PPM. It is also found that, the NOx emissions from the engine are about 12% higher when the fuel injection pressure increases from 200 to 300 bar.
Effect of compression ratio on NOx formation and emissions
Fig . 21 shows the variation of NOx formation with crank angles for various CRs viz., 10, 11 and 12, from the time of spark to the EVO. From Fig. 21 , it is seen that, the NOx formation is higher at higher CR. This is because, the peak incylinder temperature increases with increase in CR, thus giving rise to higher NOx levels. It is found that, the NOx emissions at the EVO, at the CR of 10, are about 3292 PPM, whereas they are about 3600 and 4980 PPM respectively, when the CRs are 11 and 12. From Fig. 21 , it is observed that, the NOx emissions are higher by about 8 and 51%, when the CR increases from 10 to 11 and 12 respectively. Fig. 22 shows the variation of in-cylinder NOx formation with crank angles at various engine speeds viz., 2000, 3000 and 4000 rev/min. From Fig. 22 , it is found that, the NOx formation increases marginally with increase in the engine speed. This is because of rise in peak in-cylinder pressure, with the increase in the engine speed, which results in the increase in peak in-cylinder temperature. However, from Fig. 22 , it is also observed that, the NOx formation levels are lower at the engine speed of 4000 rev/min, which is because of slower combustion as explained in Section 5.3.3. From Fig. 22 , it is observed that, the levels of NOx emissions, for 2000, 3000 and 4000 rev/min, are about 3292, 3500 and 960 PPM respectively. At the engine speed of 3000 rev/min, the NOx emissions are about 6.5% higher compared to those of 2000 rev/min. sures of both 200 and 300 bar, the HC emissions are very low after 750 CAD. However, at the fuel injection pressure of 400 bar, because of misfiring, the HC emissions shoot up. In fact, in this case, combustion does not take place at all. Therefore, the entire injected fuel remains as it is, in the cylinder and exhausted. For both the fuel injection pressures of 200 and 300 bar, the HC emissions, at the EVO, are lesser than 100 PPM. Fig. 24 shows the HC concentration with crank angles for three CRs of 10, 11 and 12. From Fig. 24 , it is observed that, the HC concentration is closer to zero, in all the cases, because of the complete combustion of the injected fuel.
Effect of engine speed on the NOx formation and emissions
Effect of compression ratio on the HC formation and emissions
5.6.3. Effect of engine speed on the HC formation and emissions Fig. 25 shows the variation of HC concentration with crank angles for various engine speeds viz., 2000, 3000 and 4000 rpm. From Fig. 25 , it is observed that, the HC concentrations are about 100 PPM at the engine speeds of 2000 and 3000 rev/min. However, at the engine speed of 4000 rev/min, the HC emissions are high, because of reasons as explained earlier. At the engine speed of 4000 rev/min, the HC emissions, at the EVO, are about 3500 PPM.
Conclusions
The present paper discusses the effect of various engine parameters on the performance and emission characteristics of a two-valve four-stroke GDI engine by the CFD analysis. The computational models used in the CFD analysis have been thoroughly validated against the experimental data available in the literature. From the results, the following conclusions are drawn:
When the fuel injection pressure increases from 200 to 300 and 400 bar:
The TKE increases by about 21 and 40.2% after the fuel injection. The TR is not much affected by the fuel injection pressure. It is also found that, the lower fuel injection pressures (200 and 300 bar) are better in order to get an ignitable mixture at the spark plug location, at the time of spark. Higher fuel injection pressure (400 bar) results in misfiring of the engine. When the CR increases from 10 to 11 and 12:
At the time of spark, the TKE decreases by about 39 and 70% respectively. The TR decreases by about 16.7 and 50% respectively. The IMEP increases by about 2.5 and 4% respectively. The NOx emissions increase by about 8 and 51% respectively. The HC emissions are very low, in all the cases. When the engine speed increases from 2000 to 3000 and 4000 rev/min:
The TKE increases by about 111 and 331% respectively. The TR increases by about 9 and 21% respectively. The NOx emissions increase by about 6.5 and À71% respectively. The HC emissions are nearly zero for 2000 and 3000 rev/min, whereas they are about 3500 PPM at 4000 rev/min, respectively. Figure 24 Variation of HC concentration with crank angles for various compression ratios. 
